
 2020, 65, nr 11–12 757

Vanadium catalysts for ethylene-norbornene 
copolymerization

Anna Bihun-Kisiel1), *), Wioletta Ochędzan-Siodłak1) 

DOI: dx.doi.org/10.14314/polimery.2020.11.2

Abstract: Cyclic olefin copolymers (COCs) are a promising group of materials with specific, projectable 
properties. In this group, copolymers of ethylene and norbornene are of particular interest. A variety 
of transition metal complexes are used for their synthesis, mostly elements from group 4. This review 
 presents the application of vanadium catalysts with various types of ligands in the synthesis of ethyl-
ene--norbornene copolymers. The influence of ligands and reaction conditions on the activity of catalyst 
and selected properties of copolymers are described in this paper.
Keywords: vanadium catalyst, copolymerization, ethylene, norbornene, cyclic olefin copolymers.

Katalizatory wanadowe w kopolimeryzacji etylenu z norbornenem
Streszczenie: Kopolimery cyklicznych olefin (COCs) stanowią obiecującą grupę materiałów o specy-
ficznych, możliwych do zaprojektowania właściwościach. Szczególnym zainteresowaniem w tej grupie 
związków cieszą się kopolimery etylenu z norbornenem. Do ich syntezy stosuje się różnorodne kom-
pleksy metali przejściowych, przede wszystkim pierwiastków z grupy 4. Artykuł stanowi przegląd lite-
ratury dotyczącej wykorzystania katalizatorów wanadowych z różnego rodzaju ligandami w syntezie 
kopolimerów etylenu z norbornenem. Opisano wpływ ligandów i warunków prowadzenia reakcji na 
aktywność oraz wybrane właściwości otrzymanych kopolimerów.
Słowa kluczowe: katalizator wanadowy, kopolimeryzacja, etylen, norbornen, kopolimery cyklicznych 
olefin.

Vanadium element is the second most common trans-
ition metal in the oceans with estimated concentration 
50 nmol/dm3. In the Earth’s crust it is present in quantity 
of 0.014% [1, 2]. Vanadium occurs in eight oxidation states 
in the range from -3 to +5, with the exception of -2, and 
the most stable are oxidation levels +4 and +5 [3]. The inte-
rest in vanadium complexes dates back to the early 1980 
due to their ability to change the coordination number 
and geometry, which allows their use, among others in 
coordination chemistry [4, 5] and catalysis [6, 7] including 
polymerization of olefins [8–11]. 

In the last example, technologies based on Ziegler-
-Natta vanadium catalysts are very often used for the 
production of syndiotactic polypropylene [12, 13], ethy-
lene-propylene copolymers [14], ethylene-propylene-
-diene terpolymers (EPM and EPDM rubbers) [3, 15] and 
cyclic olefin copolymers (COCs) [16]. In most cases, the 
activity and thermal stability of vanadium catalysts are 
lower than that of zirconium and titanium analogues. 
However, vanadium catalysts allow obtaining polymer 

materials with unique properties (e.g. amorphous, homo-
geneous copolymers), which makes them irreplaceable in 
the production of synthetic rubbers [8, 10, 17, 18]. The most 
commonly used precatalysts for the production of EPM 
and EPDM rubbers are VCl4, VOCl3, and V(acac)3. The 
last 15 years of research focused mainly on the synthesis 
and use of vanadium postmetallocene com plexes with 
N-donor, O-donor and N, O-donor ligands for homo- and 
copolymerization of ethylene with α-olefins (mainly pro-
pylene) [8, 18–26]. For a very long time it was unknown 
what degree of oxidation does vanadium atom have in 
active center of catalysts for olefin (co)polymerization. 
Early studies have shown that vanadium(0) and vana-
dium(I) are inactive, but it was not known whether the 
active form contains vanadium at +2, +3, or +4 oxidation 
state [27]. It is now assumed that the active center is for-
med as a result of vanadium(IV) or vanadium(V) reduc-
tion in the precursor to vanadium(III). Organoaluminum 
compounds are used as the reducing agents [10]. Amongst 
disadvantages of vanadium catalysts are easy reduction 
to the inactive form of vanadium(II) [8–10], V-C bonding 
instability [28], and paramagnetic oxidation states (II, III 
and IV). To overcome a problem of deactivation, so-cal-
led reactivators are applied such as ETA (ethyl trichlo-
roacetate, Cl3CCOOEt) and chlorinated hydrocarbons 
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(e.g. butyl perchlorocrotonate). To extend the catalyst life, 
auxiliary bidentate, tridentate or polydentate ligands 
with a stabilizing effect on the active center of vanadium 
are synthesized [9, 11, 18].

The plastics market is constantly interested in new 
materials with specific, designed properties. Cyclic ole-
fin/cycloolefin copolymers (COCs) are of particular inte-
rest. The most versatile and common COCs are ethylene-
-norbornene copolymers (Et-NB). These promising group 
of materials can be high-crystalline solids or thermopla-
stic elastomers depending on the degree of incorporation 
of norbornene and copolymer microstructure [29–31]. The 
Et-NB copolymers are used, among others, as materials 
in medical and diagnostic equipment, electronic devices, 
or as packaging films [29, 32–34]. 

To obtain such polymers with specific properties, 
many studies were devoted to the search for highly active 
catalysts, and thus, attention was also paid to organome-
tallic vanadium-based complexes. Most literature reports 
concern the Et-NB copolymerization using: (i) catalysts 
with group 4 metals, usually Ti and Zr, such as metallo-
cenes, semi-metallocenes, and postmetallocenes, e.g. tita-
nium complexes with phenoxyimine ligand [32, 35–37], 
(ii) transition metal complexes, primarily Ni and Pd, with 
extended ligands of the type [NO], [NN] [38–41] and pho-
sphorosulfonate [42–44], and (iii) rare earth complexes, 
especially scandium [45, 46]. In contrast, the vanadium 
catalysts are less popular and still few have been used.

The aim of the study is to summarize the most impor-
tant information on vanadium compounds used for the 
synthesis of Et-NB copolymers. It should be noted that so 
far no such review has been published. This work pre-

sents the impact of various types of vanadium catalysts 
and reaction conditions on the copolymerization of ethy-
lene with norbornene as well as the microstructure and 
selected properties of the obtained copolymers. 

PHOSPHINE LIGANDS

Phosphine ligands are one of the most important group 
in organometallic chemistry [47, 48]. The synthesis, struc-
ture and reactivity of transition metal complexes with 
phosphines are studied because such complexes are able 
to catalyze various types of reactions [49–51]. Phosphine 
ligands can contain both alkyl and aryl groups, so that 
their steric and electronic properties can be tailored to 
specific applications. In addition, the relatively low cost 
and large variety of phosphines encourage the develop-
ment of metal-phosphine complexes. The vanadium(III) 
(I–VII) and vanadium(IV) (VIII–X) catalysts with phos-
phine ligands used in the Et-NB copolymerization are 
complexes with monodentate and bidentate ligands 
[30, 52–54]. 

Substituents in the ligands are alkyl (methyl, ethyl, 
t-butyl) or cycloalkyl (cyclohexyl) and aryl (phenyl) 
groups. As standard, the copolymerization reactions is 
carried out in toluene, at temperature 20°C, under eth-
ylene pressure 0.1 MPa, with initial NB concentration 
0.1–8.0 mol/dm3, using Et2AlCl activator and ETA reac-
tivator. The studied phosphine vanadium complexes are 
inactive in the homopolymerization of norbornene and 
reveal low active in the homopolymerization of ethyl-
ene. However, each of them proves to be highly active 
in the Et-NB copolymerization. This specific behavior 
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T a b l e  1.  Results of ethylene-norbornene copolymerization

Item Complex NB feed
mol/dm3 Activator Activity

kgpolym/molV·h
NB incorp.

mol% Mw·10-3 Mw/Mn Ref.

1 I 0.6 Et2AlCl 16800 39.2 81.9 4.7 [53]

2 IV 0.9 Et2AlCl 2976 43.7 17.6 2.2 [30]

3 X 8.0 Et2AlCl 109 39.3 178.0 2.1 [52]

4 XXIIIa 0.5 Et2AlCl 49900 9.4 91.0 1.7 [68]

5 XX 3.0 MAO 163 45.3 36.3 1.9 [65]

6 XIX 0.5 Me2AlCl 15900 – 9460.0 2.8 [53]

7 XXXa 0.5 Et2AlCl 329000 18.0 198.0 2.1 [70]

8 XXXVb 3.0 Et2AlCl 5400 41.5 12.8 1.5 [71]

9 XXXVIII 0.5 Me2AlCl 11640 15.5 879.9 2.9 [72]

10 XLIX 0.5 Et2AlCl 16200 36.1 71.0 1.6 [81]

11 XLIX 2.0 Et2AlCl 6200 48.2 49.0 1.6 [81]

12 XLII 0.5 Et2AlCl 6480 32.6 157.0 1.6 [80]

13 LXV 0.5 Et2AlCl 17300 37.7 57.2 2.0 [94]

14 LXIII 0.9 Et2AlCl 7680 42.8 22.0 2.1 [94]

15 LXIX 1.5 Et2AlCl 5296 27.5 180.0 1.9 [98]

16 LXVII 1.5 Et2AlCl 1820 31.8 107.0 2.3 [97]

17 LXVIII 0.5 EtAlCl2 2155 17.4 762.0 1.6 [97]

18 LXVIII* 0.5 Et2AlCl 7135 18.5 826.0 2.1 [97]

19 LXVII* 1.5 EtAlCl2 735 40.1 – – [97]

20 LXVIII* 0.5 EtAlCl2 3660 20.1 960.0 2.0 [97]

21 LXXIII 0.6 Et2AlCl 28440 41.2 43.6 4.4 [53]

22 LXXIII 0.9 Et2AlCl 3840 45.7 9.0 2.1 [30]

23 LXXII* 0.1 Et2AlCl 1660 3.5 879.0 1.6 [82]

* SIL system

is explained by the coordination of the strongly nucleo-
philic and sterically large NB molecule, which stabilizes 
the active center, which in turn increases the propagation 
rate [55]. Moreover, the catalysts activity increases with 
the increase in the Et2AlCl amount and the NB initial 
concentration in the reaction environment [56]. Among 
the studied catalysts, the bidentate compound (I) is 
the most active [53]. At the NB initial concentration of 
0.6 mol/dm3, the activity of 16 800 kg/molV·h is obtained 
(Table 1, item 1).

It should be noted that the copolymerization reaction 
is carried out for only 10 seconds. In the case of biden-
tate bimetallic catalysts (IIa, IIb) [53], activity decreases 
significantly, but still remains at a fairly high level of the 
order of several thousands kg/molV·h. Vanadium mono-
dentate complexes (III–VII) [54] show low or moderate 
activity. Among them, the complexes with arylphos-
phines (III–V) [54] are better than complexes with alkyl-
phosphines (VI, VII) [54]. It can be observed that the 
more phenyl groups are in the phosphine environment, 
the higher activity is obtained. This means that the pres-
ence of the phenyl groups in the ligand improves cata-
lytic activity by withdrawing electrons from the active 
center. It is noteworthy that vanadium(III) catalysts con-

taining two phosphine groups (I–IV) are much less active 
than vanadium(IV) analogues (VIII–X).

The Nomura team first noted that the introduction of 
electron withdrawing substituents leads to more effi-
cient incorporation of norbornene into the polymer chain 
[57]. The degree of NB incorporation is in the range of 
7–46 mol% and directly proportionate on its initial con-
centration (Table 1, item 2), but do not depend on the cat-
alyst structure or vanadium oxidation state. The highest 
molecular weight (Mw), up to 1.8·105 g/mol (Table 1, item 3) 
is obtained using the phosphine catalysts with additional 
imide ligand (VIII–X) [52]. The Mw value is smaller when 
the complex contains bidentate phosphine ligands and 
the smallest when only monodentate ligands are pres-
ent. The higher the initial NB concentration, the higher 
the copolymers Mw, which means that the coordination 
of norbornene slows down chain end reactions by limit-
ing the chain transfer reaction for stereoelectronic rea-
sons [56]. Most copolymers showed a monomodal and 
relatively narrow molecular weight distribution (Mw/Mn) 
in the range of 1.8 to 7.0. The highest Mw/Mn values show 
copolymers obtained with using the vanadium cata-
lysts having alkylphosphine ligands (VI, VII) [54]. The 
vanadium(IV) complexes (VIII–X) show larger Mw and 
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often narrower Mw/Mn than the vanadium(III) analogues 
(I–VII). The values of glass transition temperature (Tg) 
are from 0 to 101°C for 40 mol% NB incorporation and 
increases proportionally with the increase of NB con-
tent, suggesting that the obtained product has uniformly 
incorporated comonomer units.

IMIDO LIGANDS

In recent years, a lot of attention has been paid to 
ligands with electron-donor nitrogen atoms [58, 59]. This 
group includes imido complexes of transition metals, 
which aroused particular interest due to their metallo-
cene-like activity in copolymerization reactions and the 
possibility of selecting steric and electronic properties 
by changing substituents [60, 61]. Formulas (XI—XXIV) 
present vanadium(V) catalysts with imido ligands, which 
have been used in the Et-NB copolymerization [62-67]. 

The imido ligands contain mainly aryl substituents, 
but in addition, imidazoline-2-imine (XI–XVI) [62, 63], 
imidazolidine-2-imine (XVII, XVIII) [62], 2-benzimid-
azolopyridine (XIX) [64] or aryloxy ligand (XX–XXIV) 
[65–67] in which alkyl, aryl, or halogen atoms are substit-
uents. This type of complexes are activated with various 
types of organoaluminum compounds (Et2AlCl, Me2AlCl, 
MAO –methylaluminoxane). Copolymerization reactions 
are carried out in toluene, at temperature 0 or 25°C, at 
ethylene pressure 0.8 MPa, with initial NB concentration 
0.1–5.0 mol/dm3. The complex (XXIIIa) [68] with fluo-
rine atoms at the positions 2 and 6 in the aromatic ring 
of the arylimido ligand is the most active. It shows the 
activity of 49 000 kg/molV·h at the initial NB concentra-
tion of 0.5 mol/dm3, temperature 25°C, and Et2AlCl acti-
vator (Table 1, item 4). Similar results are obtained for 
complexes (XXIIIb, XXIVa, XXIVb) [68], and (XX—XXII) 
[65, 66]. It can be concluded that the catalytic activity of 
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(XXIV)(XXIII)



POLIMERY 2020, 65, nr 11–12 761

arylimide complexes increases significantly if the aryloxy 
ligand is also present. Moreover, the introduction of halo-
gen (Cl, F) at the position 2 and 6 of the arylimido ligand 
(XXIII, XXIV) [65] effectively increases the catalyst activ-
ity. Lower activities are obtained using the complex (XIX) 
[64] activated by Me2AlCl with 2-(2-pyridinyl)-benzimid-
azole bidentate ligand (23 700 kg/molV·h). Satisfactory 
activities are obtained with complexes containing 
monodentate ligands, without aryloxy group. Among 
them, the highest catalytic activity (14 800 kg/molV·h) is 
obtained using the complex (XVI) [63] containing in its 
structure tris(pentafluorophenyl)borate as substituent at 
the imidazoline-2-imine ligand and activated by i-Bu3Al. 
It can be seen that the use of a large substituent at the 
imidazoline-2-imine ligand increases the catalytic activ-
ity of the complex, while no such relationship is observed 
when the structure of the imido ligand is changed. The 
initial NB concentration has a great influence on the cat-
alytic activity of imido complexes. Initially, the activity 
increases in the range of 0.1–0.5 mol/dm3 NB, however, 
a further increase of the NB concentration in the reac-
tion medium leads to its decrease. The type of activator is 
also an important factor for the catalytic activity of vana-
dium complexes. Using the complex (XX) [66], the effect 
of an organoaluminum compound on the catalyst effi-
ciency was investigated. It was found that catalytic activ-
ity increases in the order of activators: Et2AlCl>iBu2AlCl
>Me2AlCl>MAO>EtAlCl2. The degree of incorporation of 
norbornene units in the copolymer chain depends on the 
initial NB concentration and the type of activator, and 
ranges from 5 mol% for very low initial NB concentra-
tions up to 45 mol% (Table 1, item 5). The use of MAO acti-
vator instead of Et2AlCl allows to obtain copolymers with 
much higher NB content. Copolymerization performed 
in toluene using the complex (XX) [66] shows that the NB 
content in copolymers depends on the type of organoalu-
minum activator in the order: MAO>Me2AlCl>iBu2AlCl, 
EtAlCl2>Et2AlCl. In the same conditions, the vanadium 
catalyst structure does not significantly affect the degree 
of comonomer incorporation. When the structure of the 
ligands is changed, no difference in the NB content in the 
copolymers is observed. This indicates that the organo-
aluminum compound has the greatest impact on the 
monomer reactivity in the Et-NB copolymerization. 

The highest molecular weight up to 9.5·106 g/mol 
(Table 1, item 6) is obtained using the vanadium com-
plex with imido ligand and 2-benzimidazolopyridine 
(XIX) [64]. The complexes with arylimido and aryloxy 
ligands (XXIII, XXIV) [65] give products with low Mw, 
especially arylimido complexes with imidazoline-2-im-
ine ligand substituted with tris(pentafluorophenyl)borate 
(XVI) [63]. Generally, the copolymers Mw increases with 
the increase of the initial NB concentration. All obtained 
Et-NB copolymers are characterized by a narrow, mono-
modal molecular weight distribution (1.2–3.3), regard-
less of the vanadium complex or the type of activator. 
The Tg values (from -6 to 83°C) determined only for a few 

selected copolymers increase linearly with the increase 
of NB content in the copolymer.

AMINE LIGANDS

The vanadium complexes with amine ligands used in 
the ethylene-norbornene copolymerization contained the 
following ligands: amino alcoxy (XXV, XXVI) [69], amino-
pyridino phenolate (XXVII–XXXI) [70], aminopyridino 
bis(phenolate) (XXXII–XXXV) [71], amino bis(phenolate) 
(XXXVI, XXXVII) [69], amino bis(benzimidazole) 
(XXXVIII, XXXIX) [72], and diamino bis(phenolate) (XL) 
[72, 73]. 

In these compounds, the vanadium(V) is present, 
except (XXXVIII) and (XL) with vanadium(III) and 
(XXXIX) with vanadium(IV).

The Et-NB copolymerization reactions with using these 
complexes are usually carried out in toluene, at tempera-
ture range 25–60°C, ethylene pressure 0.05 or 0.6 MPa, NB 
initial concentration from 0.1 to 3.0 mol/dm3 and, using 
Et2AlCl, EtAlCl2, or Me2AlCl activators, and ETA reacti-
vator. These catalysts are active both in ethylene homopo-
lymerization and Et-NB copolymerization, however, they 
often show higher activity in the copolymerization. The 
catalysts containing the aminopyridino phenolate ligand 
are very active. The best results, up to 329 000 kg/molv·h 
(Table 1, item 7) are obtained using the complex (XXXa) 
[70] activated by Et2AlCl, at the activator/catalyst molar 
ratio Al/V = 6 000. An additional phenolate group 
in the ligand (XXXII–XXXV) [71] decreases activity. 
The activities observed for the complexes with amino 
bis(benzimidazole) ligands (XXXVIII, XXXIX) [72] and 
amino ligands containing phenolate groups (XXVI, 
XXXVI, XXXVII) [69] are comparable. The lowest activity 
is obtained using the vanadium complex with a diamino 
bis(phenolate) ligand (XL) [73, 74]. In summary, the cat-
alysts performance decreases in the order of ligands: 
aminopyridino phenolate > amino bis(benzimidazole) > 
amino bis(phenolate) > diamino bis(phenolate). There are 
some recurring trends in a given group of amine cata-
lysts. Higher catalytic activities are achieved if at least 
two aromatic rings with a methoxy substituent are pres-
ent in the complex. The activity is much lower when: (i) 
the aromatic ring is substituted only with alkyl groups, 
(ii) there is only one aromatic ring in the structure. 
Similar results are obtained for the bimetallic vanadium 
complexes. Comparing the effect of the type of active cen-
ter, it can be seen that vanadium(V) and vanadium(IV) 
complexes show similar activity while vanadium(III) 
gives slightly smaller amounts of the product. The ini-
tial NB concentration in the reaction medium also affects 
the catalytic activity. At low NB concentration (up to 0.5 
mol/dm3), the activity of vanadium catalysts increases, 
but further increase of the NB concentration results in 
decrease of catalyst activity. The degree of incorporation 
of norbornene unit into the copolymer chain depends pri-
marily on the initial NB concentration from 5 mol% to 42 
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mol% (Table 1, item 8). The highest ability to incorporate 
comonomer units show the vanadium amine complexes 
with the aminopyridine bis(phenolate) ligand, among 
them the complex (XXXVb) [71]. Considering oxidation 
state, at a low NB initial concentration the highest como-
nomer incorporation give the vanadium(IV) complexes 
while the smallest those of vanadium(III).

The highest molecular weight, up to 8.8·105 g/mol 
(Table 1, item 9) is obtained using the catalyst (XXXVIII) 
[72] activated by Me2AlCl, with an additional amino 
bis(benzimidazole) ligand. Other catalysts activated with 
Et2AlCl allow obtaining the polymers having 4–5 times 
lower molecular weights. In case of the complexes contain-
ing pyridinium and phenolate ligands (XXVII–XXXV) 
[70, 71] the increase of the initial NB concentration up to 
0.7 mol/dm3 results in the increase of molecular weights, 
however, after exceeding this value the Mw decreases. In 

contrast, in case of the aminophenolate complexes (XXV, 
XXVI, XXXVI, XXXVII) [69] a decrease in the copoly-
mers Mw is observed with an increase in the NB amount 
in the reaction mixture. All obtained copolymers show 
monomodal and narrow Mw/Mn in the range from 1.5 to 
2.9, which indicates the homogeneity of active centers. 
The vanadium(IV) complexes give polymers with higher 
molecular weight and broader Mw/Mn, as compared to 
vanadium(III) and vanadium(V).

β-ENAMINOKETONATO LIGANDS

Thanks to the possibility of extensive structure modifi-
cation, β-enaminoketonato ligands are a good material for 
design of transition metal complexes. The titanium cata-
lysts, obtained with this type of unsymmetrical biden-
tate ligands, have proved to be very active not only in the 
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polymerization of ethylene, but also in the copolymer-
ization of ethylene with α-olefins or cycloolefins [75–79]. 
In the Et-NB copolymerization, a series of the vanadium 
complexes were tested with β-enaminoketonato ligands 
having unconstrained (XLI–XLVI) [9, 80] or constrained 
cyclic (XLVII–LX) [9, 81–84] structure, containing aro-
matic, aliphatic, or perfluorinated groups as substituents. 

In these compounds, the vanadium(V) is present, 
except (LII) with vanadium(IV). In addition, the cata-
lyst (LII) was also tested in a form of heterogeneous SIL 
(Supported Ionic Liquid) system, in which the vanadium 
compound is placed in a thin layer of pyridinium ionic 
liquid [82]. Reactions with these complexes are carried 
out in toluene or hexane, at temperatures 25, 30 or 50°C, 
ethylene pressure 0.1 or 0.5 MPa, initial NB concentration 

from 0.05 to 2.0 mol/dm3, Et2AlCl activator and ETA reacti-
vator. The complex (LVIII) [84] (29 500 kg/molV·h, Table 1, 
item 10) with the cyclic, 10-carbon β-enaminoketonato 
ligand bond with vanadium center via O, N and S donor 
is the most active among the tested catalysts. Expanding 
the ligand by increasing the number of carbon atoms 
in the cyclic part reduces the effectiveness of polyreac-
tion. The cyclic structure of β-enaminoketonato ligands 
limits rotation of substituents in ortho position in rela-
tion to the oxygen atom, which increases steric hin-
drance and thus improves stability and catalytic activity. 
Among the catalysts with the unconstrained structure of 
β-enaminoketonato ligand, the most active is the complex 
(XLV) [80]. The catalyst (XLIV) [80] with an additional 
methyl substituent is slightly less efficient. The substitu-
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tion of methyl by trifluoromethyl group (XLI–XLIII) [80] 
does not bring a positive effect. In contrast, the substitu-
tion of hydrogen atoms of the phenyl group with fluo-
rine atoms at the nitrogen atom of β-enaminoketonato 
ligands (XLVIII, XLIX) [81] improves the copolymer-
ization efficiency. The heterogeneous SIL system shows 
greater stability and is more active in copolymerization 
[82]. For all homogeneous and heterogeneous vanadium 
catalysts with β-enaminoketonato ligand, the catalytic 
activity decreases with the increase of the initial NB con-
centration in the reaction mixture. The increase of tem-
perature from 25 to 50°C allows obtaining higher amount 
of the polymer product. The degree of norbornene incor-
poration into the copolymer chain is very high, from 
about 27 to over 48 mol% (Table 1, item 11) and strictly 
depends on the initial NB concentration. The increase 
of temperature also has an advantageous effect on the 
commoner content. Under similar conditions, the catalyst 
with β-enaminoketonato ligand with the cyclic structure 
shows a slightly higher ability to incorporate norbornene 
units, while the vanadium(IV) catalyst deals with this 
worse compared to vanadium(III).

The highest molecular weight up to 1.6·105 g/mol 
(Table 1, item 12) is obtained using the catalysts with 
unconstrained β-enaminoketonato ligand substituted 
with methyl and phenyl groups (XLIV) [80]. Generally, 
the complexes with unconstrained ligands allow obtain-
ing much larger macromolecules than the constrained 
cyclic analogues. Heterogenization of catalysts results in 
the increase of the copolymers Mw value. The increase of 
temperature has opposite effect. The copolymers Mw/Mn 
value is monomodal and narrow (from 1.3 to 2.1). Slightly 
higher Mw/Mn values can be obtained using the catalysts 
with constrained β-enaminoketonatol ligand or using 
the vanadium(IV) complex instead of vanadium(III) ana-
logues. The glass transition temperatures (67–115°C) of 

the obtained copolymers increase proportionally with 
the increase of NB content, which indicates a uniform 
comonomer incorporation.

SALICYLALDIMINATO LIGANDS 

It is known that the catalytic activity and/or selectivity of 
catalysts with metal atom belonging to group 4 increases 
after the introduction of ligands with donor atoms, like 
oxygen and nitrogen. It is explained by spatial hindrance 
and electron effects that stabilize the catalyst active cen-
ter [85–92]. Vanadium(III) mono(salicylaldiminato) com-
plexes undergo fast deactivation at high polymerization 
temperatures. The main reason for this phenomenon is 
the reduction of vanadium atom to a less active or inac-
tive low oxidation state. This can be reduced by the 
increase of thermal stability of the catalysts, which is 
obtained by the introduction of an additional functional 
group containing heteroatom in the vanadium coordina-
tion sphere [93, 94]. Among the vanadium catalysts with 
salicylaldiminato ligands used in the Et-NB copolymer-
ization, there are compounds with π-donor heteroatoms 
such as O (LXI) [94], N (LXII–LXIV) [94], S (LXV) [94] 
and P (LXVI) [94].

Using the complexes (LXI–LXVI) [94], the copolymer-
ization reactions are performed in toluene, at tempera-
ture of 50°C, pressure of 0.1 MPa, initial NB concentra-
tion 0.1–0.9 mol/dm3, using Et2AlCl activator and ETA 
reactivator. All investigated catalysts are active both 
in ethylene polymerization and Et-NB copolymeriza-
tion. The most active in the Et-NB copolymerization is 
the vanadium(III) complex with the salicylaldiminato 
group and the electron donor phosphorus atom (LXVI) 
[94] (17 300 kg/molV·h, Table 1, item 13). Slightly lower 
results are obtained using the catalyst LXIII [94] with 
pyridine nitrogen substituent. The least effective is the 

(LXI) (LXII) (LXIII) (LXIV)

(LXVI)
(LXV)
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complex (LXI) [94] with the electron donor oxygen atom. 
This demonstrates the significant influence of the ligand 
donor atom on the catalytic activity. The initial NB con-
centration is also important; the higher amount of nor-
bornene in reaction medium, the lower copolymerization 
yield is obtained. The degree of incorporation of norborn-
ene into the copolymer chain (up to 43 mol%, Table 1, 
item 14) does not depend essentially on the structure of 
complex, but it depends on the initial norbornene con-
centration. 

The highest molecular weight (5.7·104 g/mol, Table 1, 
item 13) is obtained using the most active catalyst (LXVI) 
[92], with P atom. Other complexes produce macromole-
cules with comparable molecular weight. The Mw values 
decrease with increasing the initial NB concentration and 
the amount of Et2AlCl activator. The molecular weight 
distribution for all products is monomodal and narrow 
(2.0 to 2.4), regardless of the complex used or the initial 
NB concentration. The glass transition temperature of the 
copolymers (29–94°C) increases with the increase of NB 
content in the copolymer.

OXAZOLINE AND OXAZINE LIGANDS

Transition metal complexes with oxazoline or oxa-
zine ligands are a promissing alternative to metallocene 
complexes used in copolymerization reactions of stereo-
genic polymers [95, 96]. In the Et-NB copolymerization, 
the vanadium(III) complexes with pyridine oxazoline 
(LXVII) [97], pyridine bis(oxazoline) (PyBOX) (LXVIII) 
[97] and vanadium(IV) complexes with phenoxy oxazo-
line (LXIX, LXX) [98] and phenoxy oxazine (LXXI) [98] 
were studied.

In addition, the catalysts (LXVII, LXVII) [97] were also 
tested in heterogeneous SIL (Supported Ionic Liquid) 
systems, in which the vanadium compound is placed in 
a thin layer of pyridinium ionic liquid. Reactions are car-
ried out in hexane, at temperature 30°C, ethylene pressure 
0.5 MPa, NB concentration 0.5–1.5 mol/dm3, using Et2AlCl 
or EtAlCl2 activator and ETA reactivator. All of these 
complexes are active both in ethylene homopolymeriza-
tion and Et-NB copolymerization. Among non-supported 
catalysts, the highest activity up to 5 300 kg/molV·h is 

achieved by the complex LXIX [98] with phenoxy oxazo-
line ligand (Table 1, item 15) activated by Et2AlCl. It should 
be noted, however, that the amount of product obtained 
using the complexes (LXVII, LXVIII, LXX, LXXI) [97, 98] 
with Et2AlCl is only slightly smaller. The least active com-
pound is the complex (LXX) [98], which differs from the 
analogue (LXIX) [98] only with the presence of a methyl 
substituent at the oxazoline ring. Amongst the complexes 
(LXIX–LXXI) [98], in which there are two phenoxy oxa-
zoline or phenoxy oxazine ligands at the active center, 
the most effective is the catalyst (LXIX) [98], in which 
the ligand impose the lowest steric crowding. On the 
other hand, when comparing catalysts with oxazoline-
pyridine (LXVII) [97] or bis(oxazoline) pyridine (LXVIII) 
[97] in the vanadium coordination sphere, the complex 
with the larger ligand (LXVIII) [97] is better. In general 
vanadium(IV) complexes show slightly higher activity 
in the Et-NB copolymerization. The heterogeneous SIL 
systems shows greater stability and thus higher activity 
in the copolymerization (Table 1, item 18). The Et2AlCl 
is much better activator than EtAlCl2, regardless of the 
type of catalyst used. For the complexes (LXIX–LXXI) 
[98], with phenoxy oxazoline or phenoxy oxazine ligands, 
the increase of initial NB concentration in the range 0.5–
1.0 mol/dm3 increases the catalysts activity, however, the 
activity decreases at higher NB concentration. When the 
catalysts (LXVII, LXVIII) [97] are used, both homoge-
neous and heterogeneous, the polyreaction efficiency 
rises, with the increase of the amount of NB in reaction 
medium. For the vanadium catalysts with oxazoline and 
oxazine ligands, the degree of incorporation of norborn-
ene in the copolymer chain is in the range of 12–32 mol% 
(Table 1, item 16). It depends not only on the amount of 
added NB, but also on the complex used, which is par-
ticularly evident at low initial NB concentration. The het-
erogeneous catalysts show better comonomer incorpora-
tion (Table 1, item 19). 

The highest molecular weight (up to 7.6·105 g/mol, 
Table 1. item 17) is obtained using the vanadium catalyst 
with pyridine bis(oxazoline) ligand (LXVIII) [97] and the 
lowest using the complex with phenoxy oxazoline ligand 
(LXX) [98]. Heterogenization of the catalysts allows obtain-
ing copolymers with higher Mw as compared to their 

(LXVII) (LXVIII)

(LXIX) (LXX) (LXXI)
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homogeneous analogues (Table 1, item 20). The type of 
organoaluminum compound used for the activation is also 
important, EtAlCl2 allows to obtain larger macromolecules 
than Et2AlCl. The copolymer Mw clearly decreases with 
increasing initial comonomer concentration. The products 
obtained with the use of homogeneous catalysts are char-
acterized by a monomodal and narrow Mw/Mn (1.6–2.3). 
Et-NB copolymers obtained with vanadium(III) complex 
are characterized by a higher molecular weight than the 
products of vanadium(IV) catalyst, but with a comparable 
molecular weight distribution. The glass transition tem-
perature of the copolymers (from -3.2 to 62°C) increases 
with increase of the degree of NB incorporation.

MISCELLANEOUS

Commercial complexes: Cp2VCl2 (LXXII) [82] and 
VCl3(THF)3 (LXXIII) [30, 53] have also been used in the 
Et-NB copolymerization. 

The Cp2VCl2 complex (LXXII) [82] was used as a homo-

geneous catalyst as well as in the form of SIL system. 
Reactions were carried out in hexane, at 30°C, 0.5 MPa, 
the initial NB concentration in the range from 0.05 to 
1.5 mol/dm3, with the Et2AlCl activator and the ETA reac-
tivator. This complex proves to be active both in the ethyl-
ene polymerization and the Et-NB copolymerization. The 
highest activity (6250 kg/molV·h) is achieved using the SIL 
system. The activity of homogeneous analogue is consider-
ably lower. The NB incorporation rises with increase of the 
comonomer concentration in the reaction mixture, reach-
ing the value of 30 mol%. In this case, better results are also 
achieved using the SIL systems. The increase of the NB 
concentration in the reaction medium results in the lower 
copolymer molecular weight. The highest Mw (8.8·105 g/
mol; Table 1, item 23) has the polymer with low NB content. 
The molecular weight distribution ranges from 1.5 to 3.0.

Positive results in the Et-NB copolymerization are 
also obtained using the commercial complex VCl3(THF)3 
(LXXIII) [30, 53]. The reaction was carried out in the pres-
ence of Et2AlCl and ETA, in toluene, at 22°C, under eth-
ylene pressure 0.1 MPa, with the initial NB concentra-
tion 0.1–0.9 mol/dm3. This complex proves to be relatively 
active in copolymerization (28 440 kg/molV·h, Table 1, 
item 21). However, VCl3 [30] used in similar conditions is 
completely inactive. The incorporation of NB units in the 
copolymer obtained using the VCl3(THF)3 [30, 52] complex 

rises with the increase of NB concentration in the reaction 
mixture, reaching the value of 46 mol% (Table 1, item 22). 
The higher comonomer content in the polymer, the lower 
its molecular weight. The molecular weights distribution 
does not exceed 5.2. The Tg values (1–45°C) do not increase 
proportionally with the increase of NB content, which may 
indicate uneven comonomer incorporation.

MICROSTRUCTURE OF ETHYLENE-
NORBORNENE COPOLYMERS

The microstructure of the copolymers obtained by 
vanadium catalysts with phosphine, imido, amine, 
β-enaminoketonato or salicylaldiminato ligands are compa-
rable, regardless of the type of catalyst system. In 13C NMR 
spectra, the dominant signals are from isolated and alter-
nated norbornene units, as it is presented on schematic 
spectrum (Fig. 1). Even for polymer with a high comono-
mer content no diads or longer NB sequences are observed.

In contrast, the microstructures of copolymers obtained 
by vanadium catalysts with oxazoline or oxazine ligands 
depends on the NB incorporation. When it is less than 
20 mol% the NB incorporation is very similar, regardless 
of the type of vanadium complex. Only isolated and alter-
nated NB units are found. At higher degree of NB incor-
poration, a clear effect of the type of catalyst on the copo-
lymer microstructure is found. In the polymer obtained 
using the complexes LXVII–LXIX and LXXI [97, 98], 
diads and triads microblocks are observed, in addition 
to isolated and alternated NB units. Interestingly, the 
catalyst LXX [98] with a methyl substituted at phenoxy 
oxazoline ligand produces longer microblocks which 
leads to a product with triad sequences. In the case of 
Cp2VCl2 (LXXII) [82] only isolated units are observed for 
the smallest incorporation. Further increase of the como-
nomer content results in appearance of alternated and 
then diads and traces of triads microblocks.
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SUMMARY

This review describes the vanadium complexes with 
various types of ligands used in the copolymerization of 
ethylene with norbornene. The effect of vanadium com-
plexes and reaction conditions on the catalyst activity and 
properties of the produced copolymers are also analyzed. 

The Et-NB copolymerization with using the presented 
vanadium catalysts is performed mainly in aromatic sol-
vent, less often in aliphatic hexane, at temperature range 
20–50°C, under ethylene pressure not exceeding 0.8 MPa, 
with initial NB concentration from 0.1 to 2.0 mol/dm3. The 
common organoaluminum compounds are used as acti-
vators, usually with ethyl trichloroacetate reactivator, 
methylaluminoxane is seldom used.

The structure of ligand plays a key role in complex 
stability, however, ligand modifications not always have 
a significant impact on polyreaction performance as well 
as copolymer composition and microstructure. The activ-
ity of catalysts mainly depends on the type of ligand in 
the complex, the type and amount of the organoalumi-
num activator and the initial NB concentration. The high-
est activity is achieved with the participation of vanadium 
complex with aminopyridino phenolate ligand XXXa [70]. 
The best activator turns out to be Et2AlCl with the addi-
tion of the ETA reactivator and the increase of its amount 
in the reaction mixture results in higher amount of the 
copolymer product. The increase of initial NB concentra-
tion up to about 0.6–0.7 mol/dm3 results in an improve-
ment of the activity of most vanadium catalysts, while 
a further increase of NB concentration causes the reac-
tion efficiency remain at a comparable level or decrease. 
The presence of electron withdrawing groups at the vana-
dium coordination sphere improves the catalyst activity. 
This relationship is particularly well visible for the com-
plexes with phosphine and amine ligands. For the imido 
ligand complexes, an additional aryloxy ligand has to be 
introduced in order to increase the reaction yield. Among 
the vanadium compounds with the salicylaldiminato 
ligand and the π-donor heteroatom, the highest activity 
is achieved when the electron donor atom is phospho-
rus. In order to achieve high activities, the ligand in the 
complex should contain amine or amide nitrogen atom. 
In most complexes, the presence of aromatic substituents 
is more favorable than aliphatic, as well as the presence 
of halogen atoms in the substituents. It seems that the 
best results are obtained with the use of bi- or tridentate 
ligands, while the use of a binuclear complex does not 
significantly affect catalytic activity. The degree of incor-
poration of norbornene depends primarily on the initial 
NB concentration and the type of activator. Generally, 
an increase of the initial NB concentration results in an 
increase of the NB incorporation in the polymer chain. 
The highest comonomer incorporation in the polymer 
chain is obtained using the MAO (methylaluminoxane) 
activator. The highest NB incorporation is achieved for 
the vanadium complex with β-enaminoketonato ligand 

(XLIX) [81]. In most cases, the structure of the complexes 
does not affect the microstructure of the copolymers, in 
which the isolated and alternating NB units are observed. 
The exceptions are complexes with oxazoline and oxa-
zine ligands, and the Cp2VCl2 metallocene catalyst, which 
copolymers contain the NB diads and triads. The Et-NB 
copolymers obtained using the vanadium compounds 
are characterized by high molecular weight reaching the 
value up to million g/mol and narrow, monomodal molec-
ular weight distributions (usually about 2.0), regardless of 
the catalyst structure. The size of the macromolecules is 
determined by the initial NB concentration, the structure 
of ligand and the type of activator. In general, the molec-
ular weight rises with the increase of initial NB concen-
tration. The largest copolymer Mw is obtained using the 
vanadium catalyst with imido and 2-benzimidazolopyri-
dine ligand (XIX) [64]. The obtained copolymers are char-
acterized by the uniform incorporation of NB units into 
the polymer chain. The use of binuclear catalysts does not 
significantly change the microstructure and properties of 
the Et-NB copolymers. Heterogenization of the vanadium 
complexes on SIL systems allows improving the stability 
and activity of the catalysts, higher degree of comonomer 
incorporation in the polymer chain and higher molecular 
weights of macromolecules.

In summary, the amine complexes are characterized by 
extremely high activity, exceeding even 106 kg/molV·h and 
the ability to produce polymers with molecular weight 
above 106 g/mol. In contrast, the activity of phosphine 
complexes generally does not exceed 4 000 kg/molV·h 
and the copolymers obtained have relatively low Mw and 
wide Mw/Mn. However, they can achieve very high NB 
incorporation even at low initial comonomer concentra-
tion. The complexes with β-enaminoketonato and salicyl-
aldiminato ligands show good or very good activity and 
give polymers with high comonomer incorporation even 
at low NB concentration in feed, with the smallest Mw 
and narrowest Mw/Mn among the vanadium compounds 
discussed, especially for those β-enaminoketonato 
ligand. Satisfactory activity can be obtained using oxa-
zoline complexes, which give products with very high 
molecular weight. The vanadium compounds with imido 
ligands are characterized by high activity and can pro-
duce polymers with extremely Mw, even above 9·106 g/mol. 
However, they show the weakest ability of NB incorpora-
tion, above 30 mol% is achieved only at high initial NB 
concentration.
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